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Simultaneous laser ignition and spectroscopy is a scheme that enables rapid determination of the local
equivalence ratio and condensed fuel concentration during a reaction in a two phase spray ﬂame. In
parallel with laser ignition, the equivalence ratio and droplet characteristics such as the concentration,
size, and distribution of spray combustion are simultaneously obtained for a feedback control system. The
plasma characteristics of fuel droplets are evaluated initially by shadowgraph, and the high-speed imaging
of air and spray breakdown provides visualization of the transition from the plasma to a ﬂame kernel.
The spectrum in the spray is evaluated according to droplet characteristics such as size and number
density. The probability density function is used to analyze the interaction between the fuel droplets and
the laser plasma with laser-induced breakdown spectroscopy (LIBS) measurements. In this paper, we have
conducted quantitative analysis of the LIBS signals according to the equivalence ratio, droplet size, droplet
number density and droplet concentration for development of a control strategy for ﬂame ignition and
stabilization with simultaneous in situ combustion ﬂow diagnostics.
© 2015 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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n1. Introduction
Spark-ignition (SI) engines based on direct injection (DI)
promise signiﬁcant advantages in terms of thermal eﬃciency
and power output, and present a means of overcoming problems
related to knocking, backﬁring, and preignition. Although spark
ignition is standard for automotive engines, there are disadvan-
tages associated with the use of electrical spark plugs. The ignition
location is restricted to the electrode gap, and energy loss occurs
since the plug is a heat sink and interacts with the ﬂow ﬁeld.
Varying the ignition energy is restricted by the low repeatability.
The ignition reliability of electric spark plugs eventually declines
due to carbon fouling, which is the most common spark plug
related failure.
Laser-induced breakdown in the fuel-air mixture has been stud-
ied for several decades with recent notable attempts to overcome
the weaknesses of spark ignition [1–6]. Although laser system has
some shortcomings such as relatively high cost and low reliability
in a harsh environment, laser ignition as opposed to spark igni-
tion has advantages such as i) no need of a spark plug, ii) precise∗ Corresponding author.
E-mail address: jjyoh@snu.ac.kr, jjyoh1@gmail.com (J.J. Yoh).
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0010-2180/© 2015 The Authors. Published by Elsevier Inc. on behalf of The Combustion In
(http://creativecommons.org/licenses/by-nc-nd/4.0/).riggering, iii) a ﬂexible selection of fuel breakdown locations and
mmediacy, iv) wide range of ignition energy (30–300 mJ), and v)
ood reproducibility.
Laser ignition in gas phase fuel has been studied by many re-
earchers in the past with a notable review article by [7], whereas,
esearch on laser ignition for two-phase ﬂow is less common.
aser-induced spray ignition has been explored for reciprocating
ngines [8,9] and aviation engines [10,11]. Laser ignition has bene-
ts for reciprocating engines and aviation gas turbines due to the
bility to adjust the ignition position and to generate multiple igni-
ion. Moreover, laser ignition can generate reliable ignition of lean
ixtures, which has high potential for applications in lean pre-
ixed prevaporized combustion [10].
On the other hand, the ignition process in DI engines is time
ependent and complex, since it is greatly inﬂuenced by many
actors such as the local fuel equivalence ratio, gas density and
ondensed-fuel concentration. The local equivalence ratio near the
gnition position at the time of ignition is particularly impor-
ant for successful ignition due to a stratiﬁed fuel concentration
ear the ignition position. Also, the location of the ignition source
s critical for ﬂame ignition and stabilization particularly in tur-
ulent non-premixed environments because ﬂow properties sig-
iﬁcantly affecting the ﬂame ignition processes vary in space.
herefore, picturing the inhomogeneous distributions of the ﬂowstitute. This is an open access article under the CC BY-NC-ND license
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croperties is essential in understanding the ignition processes
n two phase spray ﬂame. Nevertheless, measurements of these
roperties are challenging: only non-intrusive optical measure-
ents methods are viable under the harsh ﬂow conditions.
A variety of optical techniques have been used previously to
easure the local equivalence ratio, including infrared (IR) ab-
orption, planar laser-induced ﬂuorescence (PLIF) [12], and Raman
cattering [13]. Spontaneous Raman scattering and coherent anti-
tokes Raman spectroscopy can provide species concentration and
as temperature/density. However, the Raman signal is very weak
nd is thus susceptible to ﬂuorescence/emission interferences.
urthermore, the complexity of pulsed Raman scattering measure-
ent may limit its application in laboratory environments. Al-
ernatively, laser-induced breakdown spectroscopy (LIBS) has high
otential in combustion applications due to its high emission in-
ensity and minimal system complexity. Ferioli et al. [14] used LIBS
n engine exhaust gas to illustrate the ability of this technique to
easure the equivalence ratio of SI engines. LIBS was successfully
pplied to understand the mixture dynamics inside a turbulent
remixed combustor with strong pressure oscillations in Ref. [15].
o et al. measured fuel concentration and gas density simultane-
usly in a supersonic wind tunnel using LIBS [16]. In [17], a two-
imensional LIBS was proposed as a meaningful diagnostic tool for
ame analysis.
Measuring fuel properties such as equivalence ratio and liquid
hase fuel volume fraction at possible ignition and/or ﬂame resi-
ence locations in a SI engine is key for executing a feedback con-
rol strategy since the properties can potentially suggest optimal
gnition/stabilization locations under harsh combustor conditions.
ocused laser energy can also be used as a tool for successful ig-
ition and to aid ﬂame enhancement at preferred locations. Only
few limited studies on such feedback control are reported. Roy
t al. used spark-induced breakdown spectroscopy (SIBS) to mea-
ure the local fuel-air concentration in the spark gap at the time of
gnition under stratiﬁed-charge conditions [18]. Phuoc [19] used a
aser-induced spark to measure the ignition and fuel-to-air ratio of
H4-air and H2-air combustible mixtures simultaneously. The com-
inded laser induced ignition and plasma spectroscopy was usedFig. 1. (a) Experimental setup and (b)or measuring equivalence ratio at the ignition point and time in a
artially premixed hydrogen-air burner [20]. Also Joshi et al. [21]
sed a natural gas engine to demonstrate the simultaneous laser
gnition and LIBS equivalence ratio measurement.
In mostly gas phase, the laser ignition and spectroscopic mea-
urement have been conducted in reacting ﬂows. The characteris-
ics of laser-induced breakdown and spectrum in two phase ﬂow
re vastly different from those in the gas phase [11]. Understand-
ng of the interaction between laser-induced breakdown and fuel
pray is needed for laser ignition and quantitative measurement of
uel concentration. Therefore, the primary objective of this study is
o investigate ﬂame ignition processes in two-phase hydrocarbon
uel spray with simultaneous measurements of equivalence ratio
nd liquid phase fuel concentration. An unprecedented investiga-
ion of laser-induced ignition is conducted in the spray ﬂame with
igh-speed imaging in conjunction with quantitative and simulta-
eous ﬂow property measurements using LIBS. Three atomic and
olecular emission line intensities (H-α (656 nm), O (777 nm)
nd C2 (516 nm)) are monitored, which potentially provide bet-
er accuracy in the species concentration measurements. The idea
ehind the present study is a combination of laser ignition and
pectroscopy for feedback control of fuel injection. This is a desir-
ble scheme since such real time information onboard an DI en-
ine for instance can be constantly monitored and fed back to the
ontrol loop to improve the mixing process and minimize emission
f unwanted species and combustion instability, preventing the
egradation of vehicle performance. Monitoring of these instanta-
eously varying ﬂow properties would be desirable particularly for
he incipient vehicle acceleration period when the combustor ﬂow
nthalpy is insuﬃcient to initiate and sustain stable combustion
eactions, thus requiring a systematic feedback control strategy.
urthermore, the compact design of such system would allow a
mall sized single pulsed laser to be used for both pulsed ignition
nd breakdown spectroscopy. Laser technology has advanced sig-
iﬁcantly: compact diode-pumped solid-state (DPSS) laser or com-
act ﬁber laser, and broadband spectroscopy can meet such com-
act and low-power requirements for realtime diagnostics of the
ombustor, for instance. In essence, the use of one small laser forscattering image of the droplet.
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Fig. 2. Threshold energy for breakdown in the spray according to droplet size in
the droplet stream.
Fig. 3. Plasma images at four different times (250 ns, 500 ns, 750 ns and 1000 ns)
in air and gasoline droplet stream.
Fig. 4. (a) Radial and vertical displacement of plasma and (b) radial and vertical
velocity of plasma in air and in the gasoline droplet stream.
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aboth ignition and realtime diagnostics represents the key strength
of the proposed scheme.
2. Experiment
Figure 1(a) shows the experimental setup for the laser ignition
and laser-induced plasma spectroscopy while 1(b) shows a scat-
tering image of the spray. A spray of gasoline droplets was mixed
with air at the nozzle tip. The spray nozzle was a Delavan SN
30609-2 air-assisted siphon nozzle. The fuel was directed to the
nozzle through a pipe inside the ﬂow channel. A second pipe sup-
plied the nozzle with an atomization air ﬂow, which impacted the
fuel jet just before the nozzle exit. The droplet diameter distribu-
tion was between 20 and 50 μm at the nozzle exit. The fuel was a
commercial gasoline obtained from the local gas station. The fuel
ﬂow rate was ﬁxed to 10 ml/min by the oil pump. Compressed air
was injected into the nozzle through a MFC (Mass Flow Controller).
The air ﬂow rate was 10 l/min and the equivalence ratio at the
nozzle exit was 8.9.For laser ignition and diagnostics, a Nd:YAG laser (Continuum,
urelite І) at a wavelength of 1064 nm and 5 ns pulse duration
as used. The beam was focused through a 100 mm convex lens
ith 100 mJ laser energy to generate the plasma. The emission
pectra were collected at the 1 μs delay time after laser irradi-
tion. For visualization of the plasma and ﬂame kernel, a high
peed camera (Phantom v711) was arranged perpendicular to the
aser beam path and used to observe the breakdown from a side-
ay perspective as shown in Fig. 1(a). It provided broadband lumi-
osity images at a sustained repetition rate of 390 kHz, an expo-
ure time of 2 μs and a resolution of 128 × 64 pixels. The ﬁeld
f view was determined to be 20.9 × 10.5 mm with a calibra-
ion target. The plasma light was collected by a quartz lens with
100 mm focal length, which was perpendicular to the direction
f the laser used for the laser-induced plasma spectroscopy. The
ollected plasma light was sent to an echelle spectrometer (An-
or Mechelle 5000) with 0.1 nm resolution and an ICCD cam-
ra (Andor iStar) to record the signal. The delay time and ICCD
xposure time were 1 μs and 50 μs, respectively. Several peaks
H : 656 nm, O : 777 nm, C2 : 516 nm) were selected for analy-
is of the spray. The shadowgraph method was used to obtain the
roplet size and distribution with high magniﬁcation. Nd:YAG laser
minilite, continuum) was diverged through a concave lens having
focal length of 30 mm. The diverging beam was collimated by
convex lens having a 500 mm focal length. Passing through the
S.H. Lee et al. / Combustion and Flame 165 (2016) 334–345 337
Fig. 5. Sequences of the temporal development of laser-induced air breakdown (left column) and gasoline spray ignitions (right columns).
338 S.H. Lee et al. / Combustion and Flame 165 (2016) 334–345
Fig. 6. The mean intensity of high speed images for air breakdown and spray
ignition.
Fig. 7. Ensemble of the LIBS spectra according to delay time in spray after 1 μs.
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bdroplet stream, the collimated beam was focused by a convex lens
having 100 mm focal length. The laser beam was captured by a
CCD camera (Nikon) through the magniﬁcation lens. The measure-
ment size was 300 μm × 300 μm which had 1470 × 1470 pixel
size. If a droplet is present in the test section, the laser beam was
strayed from its direction as to allow shadowgraph imaging. The
magniﬁcation was adjusted by changing the distance between the
collecting lens and camera. The real droplet diameter and num-
ber density were extracted from image processing such as me-
dian ﬁlter, Binarization, and edge detection methods. The accura-
cies of the measured droplet diameter and number density were
about 5% and 20%, respectively. The relatively high error of num-
ber density was originated from the unsteady feature of the spray.
The plasma volume was also evaluated by the same shadowgraph
technique.
3. Results
First, the laser induced plasma was generated in a uniform
droplet stream with varied parameters such as laser energy and
droplet size in a special test setup. Uniform droplets were gener-
ated by a nebulizer and sent to the Bunsen type burner. An ul-
trasonic nebulizer was used to atomize the liquid fuel injected
from a vibrating ceramic plate at 1.65 MHz frequency and a rate
of 3 mL/min by a syringe pump. Tiny gasoline droplets were gen-
erated by the nebulizer and sent to the air drying channel. The
size of the droplets changed in the drying channel with control of
the air ﬂow rate. The Reynolds number varied from 500 to 2500
and the velocity varied from 0.5 m/s to 4 m/s. Figure 2 shows the
threshold energy for breakdown according to the droplet size in
the droplet stream. The threshold laser energy decayed with in-
creasing droplet size. This is because more laser energy was ab-
sorbed by the droplets as the droplet diameters increased. The
threshold energy was about 3 mJ at approximately 11 μm droplet
diameter. The spot diameter was about 200 μm at the focal point
which was obtained from shadowgraph.
When the laser was focused on the air and gasoline droplet
stream, a totally different type of plasma was generated for each
medium. The shadowgraph method was used to visualize the
plasma and shock wave after the laser pulse. Figure 3 shows
plasma images at four different times (250 ns, 500 ns, 750 ns and
1000 ns) in the air and in the gasoline uniform droplet stream at
100 mJ laser energy. The laser irradiated the spray from the right
side to the left side in the images. The laser-induced plasma in
the air and the gasoline droplet stream generated a shock wave
that propagated along the radial and vertical direction. The shape
of the plasma and shock waves generated in the air and the gaso-ine droplet stream were different, with longer radial length for the
asoline droplet stream compared to the air.
Figure 4(a) shows the displacement of the plasma and shock
ave along the radial direction and the vertical direction in the air
nd in the gasoline droplet stream. The displacement along the ra-
ial direction is higher than along the vertical direction in both the
ir and the gasoline droplet stream. Breakdown begins at a loca-
ion slightly before the focal point of the lens toward the incoming
aser beam in the air [22] but occurs within the path of the laser
eam in the gasoline droplet stream since the threshold energy for
reakdown in the gasoline droplet is lower than in air as shown in
S.H. Lee et al. / Combustion and Flame 165 (2016) 334–345 339
Fig. 8. The maximum intensities of the atomic signals (H and O) and the molecular
signals (CN and C2) for 10 μs during spray ignition.
Fig. 9. Schematics of LIBS measurement in fuel droplets.
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Fig. 10. (a) C2 spectra, (b) H, O spectra at 10 mm height in spray for different base
intensities.
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big. 2(a) [23]. So the displacement along the radial direction in the
asoline droplet stream is higher than in the air. The displacement
long the vertical direction in the air and in the gasoline droplet
tream is similar.
Figure 4(b) shows the velocity of the plasma and the shock
ave along the radial direction and the vertical direction in the
ir and in the gasoline droplet stream. The radial direction and
ertical direction is deﬁned as plasma and ﬂame kernel direction.
he velocity is obtained from the ﬁtting curve of the displacement
n Fig. 4(a). The velocity along the radial direction in both the air
nd gasoline droplet stream is faster than along the vertical direc-
ion. The velocity of the plasma and the shockwave in the gasoline
roplet stream along the radial direction is about 2 times faster
han in the air at the early stage (<10 ns). This high difference
riginates from the laser energy absorption and ignition of gaso-
ine fuel. The gasoline droplets absorb laser energy along the path
f the beam and the generated plasma propagates toward the in-
oming laser beam. Hence, asymmetric plasma is generated and
ay affect the shape of the ﬂame kernel at the early stage. These
gnition characteristics are only found in the two phase fuel [6].
he velocities in both the air and the gasoline droplet stream be-
ome the same after about 1 μs because the plasma disappears
ithin 1 μs.
Figure 5 shows the sequences for the temporal development of
aser-induced air breakdown and gasoline spray ignition. All im-
ges in the sequence are averages of the recordings from ﬁve in-
ividual breakdowns using in-house matlab code. The raw image
as converted to an emission intensity contour for comparison of
ir and spray. The focal point in air and spray was at the (0, 0)
osition, and the laser beam was irradiated from the right side to
he left. The breakdown was initiated at a location slightly before
he focal point of the lens, in the region with the highest emis-
ion propagating toward the incoming laser beam. First, the air
reakdown gradually adopted a bimodal appearance. This effect is
xplained by some references [22,24]. The emission of air break-
own disappeared after about 50 μs. The second column in Fig. 5
hows average images of the spray ignition. The third row showshree lobes along the path of the laser beam before the focal point
n the spray ignition. The ﬁrst and second lobes resulted from lo-
al breakdowns initiated by fuel droplets. The third lobe resulted
rom a cluster of small breakdowns. This effect was also observed
y Kawahara et al. [23] and is caused by droplets acting as micro-
enses. The emission intensity of lobes in the spray is higher than
n the air, since the laser beam is absorbed by the fuel droplets.
he three lobes became blurred and ﬁbrous after 7.8 μs in spray.
he transition from plasma to a ﬂame kernel was observed at this
ime. The emission intensity was observed at about 100 μs. This
bservation is in agreement with ref. [11].
Figure 6 shows the mean intensity of high speed images for
ir breakdown and spray ignition. The emission intensity was av-
raged for 5 individual images. The emission intensity of air break-
own decreased rapidly within 10 μs. Afterwards, the intensity
ecreased slowly and approached the detection limit after about
0 μs, which is in agreement with the above mentioned study
11]. The intensity for spray ignition decays exponentially over
ime. The intensity of plasma light decreases rapidly and the tran-
ition from plasma to a ﬂame kernel occurs. Chemiluminescence
s generated in the ﬂame kernel from combustion radicals. So, the
mission intensity of the spray ignition lasts for 150 μs. This ten-
ency is similar to published results [11], but the transition from
lasma to ﬂame kernel with gasoline droplets was observed for the
rst time in this study. The size of the gasoline fuel droplet easily
ecreases due to the high volatility of the fuel. So, the emission
ntensity is high in the initial ﬂame kernel and is maintained for a
ong time due to the high ignitability of gasoline fuel.
In parallel with laser ignition, spectroscopic analysis of the
reakdown in air and spray was conducted to measure the
340 S.H. Lee et al. / Combustion and Flame 165 (2016) 334–345
Fig. 11. Probability density function of (a) the base intensity, (b) C2 intensity, (c) H intensity and (d) O intensity.
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ofuel concentration. Figure 7(a)–(c) shows the ensemble-averaged
emission spectra of the laser-induced plasma in air, in spray at an
early stage (∼1 μs), and in spray after 1 μs, respectively. An ex-
posure time of 50 ns was used to capture the emissions from the
air breakdown (Fig. 7(a)), while 100 ns and 1 μs exposure were
applied before (Fig. 7(b)) and after (Fig. 7(c)) 1 μs, respectively.
The island-like features appearing within the ﬁrst 100 ns after the
air breakdown (Fig. 7(a) and(b)) are quite similar to typical emis-
sion bands structure from highly-excited molecular species, pre-
sumably nitrogen molecule which is the dominant species in air.
Later at 200 ns after the laser pulse, atomic emission lines such
as O (777 nm) and N (821 nm) clearly appeared out of the back-
ground emission that rapidly weakens within the ﬁrst 200 ns. In-
terestingly, i) the background intensity relative to the atomic emis-
sion lines decreased faster in spray than that in air as shown in
Fig. 7(a) and (b), ii) the H, O, and N atomic emission lines almost
vanished within 1 μs, and iii) molecular signals such as CN and
C2 appeared instead later at approximately 1 μs after the laser
pulse as shown in Fig. 7(c). The molecular signals originate from
recombination between the ionized atoms during the plasma cool-
ing process [23] as they can be used to determine the carbon con-
tents in unknown materials [25]. Figure 8 shows the maximum in-
tensities of the atomic signals (H and O) and the molecular signals
(CN and C2) until 10 μs during the spray ignition. Atomic signals
rapidly decreased with increasing delay and molecular signals in-
creased with increasing delay up to about 2 μs due to molecular
recombination during plasma cooling. After 2 μs, the molecular
signals decreased slowly, which is in agreement with an existing
observation [26]. The time scale for LIBS measurement in spray
was determined using these results.The dispersion of fuel droplets in sprays is highly stochastic.
herefore, the LIBS signal intensity in spray changes randomly
ccording to the droplet characteristics. Figure 9 shows the
chematics of the length scale during LIBS measurement of the
uel droplet. The plasma volume was 0.0108 mm3 and the gap
etween droplets was approximately 19 μm in our study, which
ere obtained from the shadowgraph. Also, the size for LIBS
easurement was 1.2 μm, determined from the collecting optics,
nd therefore several fuel droplets are included in the plasma
olume at each data collection. The LIBS signal depends on the
resence of fuel droplets at the measurement position as shown in
ig. 9. When the focused laser beam is irradiated onto the spray,
he probability of a droplet at a speciﬁc position depends on the
roplet size and the number density. If a droplet exists at the
easurement position, the density at the measurement position is
uch higher than without a droplet. The density is related to the
lasma intensity, which is proportional to the LIBS base intensity.
o, the probability of droplet existence at the measurement po-
ition can be determined using the LIBS base signal. Figure 10(a)
hows the laser induced plasma spectra for the C2 signal at a
eight of 10 mm in spray for different base intensities (low, mid-
le and high). Figure 10(b) shows the laser induced plasma spectra
or H and O signals at a height of 10 mm in spray for different
ase intensities (low, middle and high). The base intensity was
veraged from 320 nm to 350 nm. Differences were observed in
he spectra even when the laser irradiated the same position. The
ase intensity increased if a fuel droplet was present at the mea-
urement position. Also, the C2 signal in the presence of a droplet
high base intensity) was about 5 times higher than in the absence
f a droplet (low base intensity) as shown in Fig. 10(a). The C2
S.H. Lee et al. / Combustion and Flame 165 (2016) 334–345 341
Fig. 12. (a) Probability density function of the droplet diameter for different heights (a) 10 mm, (c) 15 mm and (e) 20 mm, probability density function of the C2/base
intensity ratio for different heights (b) 10 mm, (d) 15 mm and (f) 20 mm.
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aignal is usually used for the measurement of soot [27]. However,
he C2 signal in this study came from the gasoline droplet since
here was no soot at the measurement positions. When the laser
eam irradiated the gasoline droplet, fragmentation of the droplet
ccurred, resulting in the C2 signal [25]. On the other hand, the
ifference in H intensity in the presence or absence of a droplet
as much lower than the difference in the C2 signal intensity
s shown in Fig. 10(b). Also, the difference in O intensity in theresence or absence of a droplet is very low. This means that
he H and O signals were barely related to the existence of a
roplet.
Figure 11(a) and (b) shows the probability density function
PDF) of the base intensity and the C2 (516 nm) intensity at a
eight of 10 mm in spray, respectively. There are two peaks in
ig. 11(a) and (b); the left peak was obtained in the absence of
droplet and the other was in the presence of a droplet. A fuel
342 S.H. Lee et al. / Combustion and Flame 165 (2016) 334–345
Fig. 13. Shot-to-shot ﬂuctuation of (a) H and O intensities and (b) H/O intensity ratio, (c) C2 intensity and (D) C2/base intensity ratio.
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vdroplet may be present when the laser is focused on the spray.
When a fuel droplet was present at the measurement position,
the base and C2 signal intensities increased. So, we know that
the C2 signal is strongly related with the existence of a droplet
in spray. The C2 signal is highly generated from fuel droplet since
the density of fuel droplet is 719 times higher than the density of
the gaseous (evaporated) fuel. This means that the number of fuel
molecules in the droplet is 719 times higher than the gaseous fuel
in the same volume. Thus C2 signal is a measure of the fuel droplet
characteristics such as droplet size and number density. The high
value of the second peak in the PDF of C2 intensity indicates that
the droplet is more likely to be present than absent. The second
peak in the PDF of C2 intensity is related to the number density
and the C2 signal increased with increasing droplet size. There-
fore, we could obtain liquid phase fuel information such as concen-
tration, droplet size and number density. On the other hand, the
PDF for H (656 nm) and O (777 nm) signals had only one peak in
Fig. 11(c) and (d). H and O signals were barely affected by the ex-
istence of a droplet.
We found that the C2 signal was related to the size of the
droplet and the number density in spray. Therefore, the relation
between the droplet characteristics (size and number density) and
the LIBS signals was investigated using PDF analysis. Figure 12(a)nd (b) shows the PDF of the droplet diameter and that of the
2/base intensity ratio from laser induced plasma at a height of
0 mm, respectively. The C2/base ratio can provide the liquid phase
uel concentration regardless of droplet existence. Also, normaliza-
ion to the base signal can reduce measurement errors such as
uctuation of laser energy. Figure 12(c) and (d) shows the prob-
bility density function of the droplet diameter and that of the
2/base intensity ratio from laser induced plasma at a height of
5 mm, respectively. Figure 12(e) and (f) shows the probability
ensity function of the droplet diameter and that of the C2/base
ntensity ratio from laser induced plasma at a height of 20 mm,
espectively. The number density of the droplets in plasma vol-
me was 275, 267 and 209 at 10 mm, 15 mm and 20 mm, re-
pectively. The droplet diameter decreased with increasing height
n Fig. 12(a), (c) and (e) and the C2/base ratio also decreased with
ncreasing height in Fig. 12(b), (d) and (f). The droplet diameter
nd the C2/base intensity ratio have a Gaussian distribution, in-
icating that the C2/base ratio is related to the droplet diameter.
hen the laser is focused on a droplet, the C2/base ratio is pro-
ortional to the droplet size. Thus measuring the C2 signal leads
o the information about the droplet size or number density. The
ignal is a weighted average of the droplet diameter in the plasma
olume. When the laser induced plasma is generated, the droplet
S.H. Lee et al. / Combustion and Flame 165 (2016) 334–345 343
Fig. 14. Calibration curves (a) H/O ratio according to the equivalence ratio and (b) C2/base intensity ratio according to the fuel droplet diameter (c) C2/base intensity ratio
according to the fuel droplet number density and (d) C2/base intensity ratio according to the cube root of the liquid fuel volume fraction.
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igh laser energy.
Quantiﬁable measurement uncertainties identiﬁed in the our
revious study [28] are from i) the dependence of plasma char-
cteristics on gas conditions, ii) laser pulse energy losses on win-
ows, optics or by window contamination, and iii) inﬂuence of
arying species concentration on the LIBS measurement. The shot-
o-shot signal ﬂuctuation of the LIBS signal in spray was evaluated
or instantaneous fuel concentration measurement. Figure 13(a)–
d) shows the shot-to-shot signal ﬂuctuations of atomic signals (H,
), H/O intensity ratio, C2 and C2/base intensity ratio according to
he number of shots, respectively. The LIBS signal is highly depen-
ent on the laser energy. The uncertainty of the laser energy in
ur results was 3%. Also, in our previous research, the measure-
ent uncertainty in the gas phase fuel was quite low (2% varia-
ion in reactants) [28]. Therefore, the ﬂuctuation of the LIBS sig-
al originated from the actual measurement value. As described
bove, the LIBS signal in spray is highly dependent on the exis-
ence of droplets at the measurement position. Thus, the high ﬂuc-
uation of LIBS signal in Fig. 13 represents the droplet characteris-
ics. Also, the ﬂuctuation of H/O and C2/base ratios was lower than
, O and C2 intensities. This is because the intensity ratios (H/Ond C2/base) compensate for the uncertainty from the ﬂuctuation
f laser energy.
Quantitative analysis of the spray was conducted in a uniform
roplet stream to obtain an equivalence ratio and liquid fuel con-
entration. Figure 14(a) shows the H/O LIBS intensity ratio accord-
ng to the equivalence ratio. The H/O intensity ratio was almost lin-
ar in accordance with the equivalence ratio. The H and O signals
riginated from the hydrocarbon fuel and air, respectively. Previ-
us works have demonstrated that the H/O ratio is usually linear
ccording to the equivalence ratio in gaseous fuel [28–30]. Though
roplets exist in the ﬂow, the H/O ratio remained linear according
o the equivalence ratio in this study. Thus, we conﬁrmed that the
/O intensity ratio could be used to obtain the equivalence ratio in
he two-phase ﬂow condition.
Figure 14(b) and (c) shows the C2/base intensity ratio accord-
ng to the fuel droplet diameter and the C2/base LIBS intensity ra-
io according to the droplet number density in a uniform droplet
tream, respectively. The C2/base ratio is almost linear according
o the droplet diameter and the droplet number density. The fuel
roplet volume was calculated from the droplet diameter obtained
ith the shadowgraph. Figure 14(d) shows the C2/base intensity
atio according to the cube root of the liquid fuel volume fraction.
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Fig. 15. (a) Equivalence ratios and (b) liquid fuel volume fraction along the radial direction for different heights (10 mm, 15 mm and 30 mm).
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iThe liquid fuel volume was obtained by multiplying the number
density and the droplet volume. The liquid fuel volume was then
divided by the constant plasma volume, which was 0.0108 mm3.
Interestingly, the C2/base intensity ratio has a linear relation with
the cube root of the liquid fuel volume fraction. In other words,
the intensity (I) of the molecular band signal from laser induced
plasma is proportional to the cube root of the liquid fuel volume
(Vfuel). This relation is deﬁned as I∝(Vfuel)1/3. This conﬁrms that the
equivalence ratio and the liquid fuel concentration can be obtained
simultaneously from the laser induced plasma during ignition.
Figure 15(a) and (b) shows the equivalence ratio and liquid
fuel volume fraction for three different heights along the radial
direction for a spray. The calibration curves of Fig. 14(a) and (d)
were used to quantify the equivalence ratio and the fuel volume
fraction, respectively. The diffusion of the fuel along the radial
direction is shown for different heights in Fig. 15(a). The atom-
ization and evaporation of the fuel droplet for different heights
can be observed in Fig. 15(b). The equivalence ratio and dropletharacteristics affect the ignition, extinction, stability behavior,
ombustion eﬃciency, and pollutant emissions such as CO, soot,
nd NOx. These two parameters can be used to monitor fuel injec-
ion systems utilizing laser ignition.
Simultaneous laser ignition and spectroscopy is a scheme that
nables rapid determination of the local equivalence ratio and the
ondensed fuel concentration during a reaction. Using this tech-
ique, one can thoroughly investigate the inﬂuence of the mea-
ured ﬂow properties on the spray ﬂame ignition/stabilization pro-
esses and possibly, transient ﬂame propagation into the internal
ngine. Also, the experimental data sets taken under various oper-
tion conditions can provide a practical guidance for the design of
ctual engine, e.g., optimizing fuel injection rate/location and igni-
ion location. This is a desirable scheme since such real time in-
ormation onboard an engine for instance can be constantly moni-
ored and fed back to the control loop to improve the mixing pro-
ess and minimize emissions of unwanted species and combustion
nstability, preventing a degradation of engine performance.
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[. Conclusions
Simultaneous laser ignition and laser-induced plasma spec-
roscopy on a spray ﬂame were employed for development of a
ontrol strategy. The plasma characteristics were evaluated by vi-
ualization of the spray. Based on the shadowgraph imaging of
he plasma within 1 μs of the pulse irradiation showed that the
asoline droplets absorbed the laser energy along the path of the
eam, and the generated plasma propagated toward the incoming
aser beam. The transition from the plasma to the ﬂame kernel in
uel spray was then visualized by high speed imaging. The plasma
missions in the spray were replaced by a much weaker combus-
ion chemiluminescence. Small breakdown along the laser beam
ath occurred in the spray due to a micro-lens effect from the
uel droplets. The intensity of the air breakdown decreased rapidly
hereas the intensity of the spray breakdown decreased steadily,
ecoming invisible to the camera after 150 μs, which is 3 times
lower than the air breakdown. For laser-induced breakdown spec-
roscopy, the probability density function of the LIBS signal was
btained to detect the fuel droplets in sprays, which are highly
tochastic. We found that the C2/base intensity ratio was highly re-
ated to the size and the number density of the fuel droplets. The
/O intensity ratio and C2/base intensity ratio were used to ob-
ain the equivalence ratio and the liquid fuel concentration in the
pray, respectively. The shot-to-shot signal ﬂuctuation in the spray
s caused by the probability of droplet existence at the measure-
ent position. The uncertainty of LIBS in the spray depends on the
uctuation of laser energy (about 3%), which can be compensated
sing intensity ratios (H/O, C2/base). The quantitative equivalence
atio and liquid fuel volume fraction were obtained from the laser
rradiation, which also causes ignition in the spray. The present re-
ults can be utilized for a future feedback controller that uses a
ingle laser source for both optical breakdown in spectroscopy and
ubsequent ignition of the two-phase spray. The quantitative and
imultaneous measurements ultimately provide practical guidance
f (i) optimizing ﬂow conditions for initiating/sustaining combus-
ion reactions in a spray ﬂame, (ii) placing an ignition source at
ptimal location, and (iii) determining minimum energy require-
ent for ignition in a fuel spray.
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